The majority of patients with oral cancer report intense pain that is only partially managed by current analgesics. Thus, there is a strong need to study mechanisms as well as develop novel analgesics for oral cancer pain. Current study employed an orthotopic tongue cancer model with molecular and non-reflexive behavioral assays to determine possible mechanisms of oral cancer pain. Human oral squamous cell carcinoma cells line, HSC2, was injected into the tongue of male athymic mice and tumor growth was observed by day 6. Immunohistological analyses revealed a well-differentiated tumor with a localized immune response and pronounced sensory and sympathetic innervation and vascularization. The tumor expressed TMPRSS2, a protein previously reported with oral squamous cell carcinoma. ATF3 expression in trigeminal ganglia was not altered by tumor growth. Molecular characterization of the model demonstrated altered expression of several painrelated genes, out of which up-regulation of BDNF was most striking. Moreover, BDNF protein expression in trigeminal ganglia neurons was increased and inhibition of BDNF signaling with a tyrosine kinase B antagonist, ANA-12, reversed painlike behaviors induced by the oral tumor. Oral squamous cell carcinoma tumor growth was also associated with a reduction in feeding, mechanical hypersensitivity in the face, as well as spontaneous pain behaviors as measured by the conditioned place preference test, all of which were reversed by analgesics. Interestingly, injection of HSC2 into the hindpaw did not reproduce this spectrum of pain behaviors; nor did injection of a colonic cancer cell line into the tongue. Taken together, this orthotopic oral cancer pain model reproduces the spectrum of pain reported by oral cancer patients, including higher order cognitive changes, and demonstrates that BDNF signaling constitutes a novel mechanism by which oral squamous cell carcinoma induces pain. Identification of the key role of tyrosine kinase B signaling in oral cancer pain may serve as a novel target for drug development.
Introduction
Most head and neck cancers (HNC) are of squamous cell origin 1, 2 that develop in the throat, larynx, nose, sinuses, or the mouth. Pain is reported in 70-85% of these patients and is ranked as the top of all symptoms of HNC. 3 Indeed, pain is typically the symptom that prompts patients to seek initial treatment. [4] [5] [6] Several groups have reported a greater prevalence of pain in HNC patients compared to other cancer types. 7, 8 This may be partly due to specific properties of head and neck tumors, or to distinguishing characteristics of orofacial tissues such as the oropharynx, trigeminal afferent neurons, or medullary dorsal horn circuitry. 9 Among all HNC subtypes, patients with a primary lesion in the oral cavity, particularly either in the tongue or the floor of the mouth, report the greatest magnitude of pain. 10 Oral cancer patients typically experience pain at the primary site of the tumor development, 11, 12 even when the tumor is still quite small in size, and pain intensity often increases as the tumor progresses. Patients experience spontaneous pain and mechanical allodynia, as well as function-related pain such as dysphagia and difficulty in chewing and swallowing. 10, 11, 13 Additionally, patients also experience referred pain such as in the face, dental pain, ear, gingiva, and the neck. 10 Patients can be initially treated with non-narcotic medications such as NSAIDs; however, as the tumor progresses, treatment becomes inadequate, with patients subsequently requiring opiates that are associated with both side effects and tolerance. 10, [13] [14] [15] [16] Moreover, reports indicate that HNC patients have the highest opioid reescalation index, suggesting that these patients develop opioid tolerance faster than other cancer types. 17 Thus, pain due to oral cancers, in particular, pain due to oral squamous cell carcinomas (OSCC), represents a significant problem for management.
Despite the well-recognized prevalence of pain in oral cancer patients, there is a large gap in knowledge regarding the specific mechanisms responsible for oral tumor-related pain. Here, we demonstrate the importance of an orthotopic model by comparing the behavioral phenotype of mice after injection of the OSCC cell line, HSC2, into the tongue, versus HSC2 injected into the hindpaw or injection of a colonic cancer line into the tongue. These findings extend the work of other investigators 13, [18] [19] [20] [21] [22] by demonstrating that this in vivo orthotopic model of intraoral OSCC pain reproduces the anatomical, molecular and pain phenotype observed in OSCC patients. Molecular characterization of this in vivo model demonstrated that BDNF was strikingly up-regulated in the V3 region of TG neurons, upon tumor growth. Despite this, BDNF signaling has not been studied for oral cancer pain, till date. Therefore, using this orthotopic model, we demonstrate a novel role of BDNF signaling via the tyrosine kinase B (TrkB) receptor in mediating oral cancer pain. The BDNF/TrkB axis has been reported to be overexpressed in HNC and has been implicated in preventing apoptosis, promoting epithelial-to-mesenchymal transition (EMT) and conferring chemoresistance. [23] [24] [25] Targeting BDNF signaling with novel analgesics for treatment may therefore allow reversal of cancerinduced pain, prevent tumor progression as well as inhibit chemoresistance, collectively leading to improved quality of life of a cancer patient.
Methods

Cell lines
The human OSCC cell line, HSC2, was purchased from Health Science Research Resources Bank, Japan. The cell line was cultivated and maintained in Dulbecco's minimal essential medium (DMEM, Life Technologies, Carlsbad, CA) supplemented with glutamine, penicillin/ streptomycin, and 10% fetal bovine serum. Two control cell lines were also studied. An immortalized human normal oral keratinocyte (NOK) cell line, OKF6-TERT2, was kindly provided by Dr. Cara Gonzales of UTHSCSA and maintained in keratinocyte serum-free media (Life Technologies, Carlsbad, CA) supplemented with 25 mg/ml bovine pituitary extract (BPE), 0.2 ng/ml epidermal growth factor (EGF), and 0.4 mM calcium chloride and penicillin/streptomycin. The human colon cancer cell line, HT29, was obtained from ATCC (Manassas, VA, USA) and maintained in RPMI 1640 (ATCC, Manassas, VA) supplemented with penicillin/ streptomycin and 10% fetal bovine serum.
Animals
The animal protocol was approved by the UTHSCSA IACUC and conforms to IASP guidelines. Six-to eight-week-old adult inbred Balb/c male athymic nude mice (Charles River, Wilmington, MA, USA) were used for all experiments. Animals were housed for at least four days prior to the start of any experiments.
Drugs
Indomethacin was purchased from Sigma Aldrich (St. Louis, MO, USA). The drug was diluted in 5% DMSO/DPBS and administered at a dose of 5 mg/kg. Morphine was obtained from Henry Schein (Melville, NY, USA) and tramadol obtained from Sigma Aldrich (St. Louis, MO, USA). Both drugs were diluted in Dulbecco's PBS (DPBS) and administered at doses of 3 mg/kg and 20 mg/kg, respectively. The TrkB receptor antagonist, ANA-12 26 was purchased from Sigma Aldrich (St. Louis, MO, USA) and diluted in 10% DMSO/2% Tween-20/DPBS and injected at a dose of 1 mg/kg. Drugs were administered by i.p. injections.
In vivo orthotopic xenograft model
We adopted this model from the pioneering work of Schmidt and colleagues. [19] [20] [21] 27 HSC2 cells were harvested in growth media and prepared at a concentration of 3.5 Â 10 5 cells/50 mL. Volume of injection was selected based on previously published literature. 19, 20, 28 Mice were anesthetized using 2% isoflourane and 50 ml was injected into the ventral tongue over a 30-s period using a 25-gauge needle. Control groups consisted of injection of NOK cells or HT29 colon cancer cells into the tongue, or HSC2 cells injected intraplantar (i.pl.) into the hindpaw. Following injection, animals were immediately placed in warm bedding and allowed to recover. Body weights were determined every three days postinoculation.
Histology
Mice were injected with HSC2 cells or NOK cells into the tongue and at day 9 post-inoculation, animals were euthanized and the tongues removed. Tissues were fixed, cryopreserved, embedded in paraffin, and 15 mm transverse sections were stained with hematoxylin and eosin (H&E). Sections were evaluated, and images were obtained with a Nikon D-Eclipse light microscope. Images were taken at 2Â, 10Â, and 60Â magnifications using fixed acquisition parameters across all groups and images presented are unaltered from that initially taken.
Immunohistochemistry
Mice were deeply anesthetized with an i.m. injection of ketamine (75 mg/kg) and dexmedotomidine (1 mg/kg), and transcardially perfused with 100 ml of 0.9% saline followed by 200 ml of fixative consisting of 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). The trigeminal ganglia (TG) and tongue were removed, postfixed for 20 min, rinsed in PB and placed in cold 0.1 M PB with 30% sucrose overnight. Tissues were embedded in Neg-50 (Richard Allan, Kalamazoo, MI, USA) and sectioned in the horizontal plane at 25 mm with the use of a cryostat. Sections were placed onto Superfrost Plus slides (Fisher Scientific, Waltham, MA, USA), dried and stored at À20 C until stained. Immunostaining was performed as described previously. 29 Briefly, tissue sections were permeabilized and blocked for non-specific protein binding with blocking solution consisting of 4% normal goat serum (Sigma, St. Louis, MO), 2% bovine gamma-globulin (Sigma-Aldrich, St. Louis, MO) and 0.3% Triton X-100 (Fisher Scientific) in PBS for 90 min prior to incubation with primary antibodies in blocking solution for 16 h. Table 1 lists the antibodies, dilutions, and sources used in this study. Sections were rinsed with PBS, incubated in secondary antibody in blocking solution for 90 min, rinsed in PBS and H 2 O, dried and coverslipped with Vectashield. Secondary antibodies were purchased from Molecular Probes, Eugene, OR, USA. Nuclei were stained either with DAPI or TO-PRO-3 iodide (1:5000, Invitrogen, Carlsbad, CA, USA). All immunostaining procedures were performed at room temperature. Sections were evaluated and images obtained with a Nikon Eclipse 90i microscope equipped with a C1si laser scanning confocal imaging system. Multiple images were acquired of tongues and the V3 region of ipsilateral TGs using three different sections from three individual animals for each antibody combination with a 20Â objective and identical laser gain settings. Images were taken using fixed acquisition parameters across all groups and were unaltered from that initially taken.
For quantitative analysis, TG sections were collected at day 9 post-inoculation from four individual animals in each group, stained and imaged all at once at identical gain settings. Quantitation was achieved using NIS Elements software by counting total number of neurons in the V3 region of the TG tissue in each image as well as number of neurons above threshold for positive BDNF expression in the V3 area. Quantification was performed by a blinded experimenter. Data are represented as mean of percent of BDNF positive neurons for each animal for each group. A total of 350-550 neurons per animal were counted.
Behavioral testing
OSCC patients often report difficulty in eating, referred pain, and spontaneous pain. Three behavioral assays were employed to evaluate whether this orthotopic model reproduces this spectrum.
Feeding behavior. Mice were food deprived for 18 h and then injected with vehicle. Each mouse was then placed in an individual cage, without any bedding, and allowed to freely feed for 1 h on a pre-measured amount of standard chow. At the end of an hour, the amount of food intake was determined by calculating the difference (in g) from the initial amount and the remaining amount of food. Spillage of food and crumbs in the cages was collected to calculate total amount of food remaining. Because feeding was measured only for an hour, only a few (approx. 3-4) feces pellets or drops of urine was seen in the cages which was easily separated or removed before collecting the spilled crumbs. Mice were continued to be food deprived for an additional 5 h and then injected with a test drug and allowed to feed for 1 h. Water was available to the animals at all times. Baseline measurements were taken prior to cell inoculation, and then on days 4, 7, 9, and 14 post-inoculation. Although automated feeding assays have been developed, 19 this repeated measures design was selected to minimize the number of animals with tumor pain and preliminary studies demonstrated that sequential injection of vehicle produced no significant difference in feeding between the first and second session.
Von Frey testing. To evaluate referred mechanical pain, von Frey filaments were applied to the V2 trigeminal division (i.e., vibrissal pad) at nine days after injection of the tumors into the V3 trigeminal division (i.e., tongue). As previously described, 30 unrestrained mice were habituated to stand on the experimenter's hand who was wearing a latex-free glove. Animals were also habituated to Von Frey testing by applying the lowest force for five times, one day prior to experimentation. Animals were then injected with vehicle i.p. and 30 min later, a sequential series of calibrated von Frey filaments (bending forces ranging from 0.78 to 588 mN) were applied to the vibrissal pad. Head withdrawal, face swipe, or grimace were considered a positive response. Each force was applied five times at intervals of 3-5 s. Animals were then returned to their cages and 4 h later injected with the test drug and re-tested with von Frey filaments. The resulting stimulus-response curve was plotted and analyzed via non-linear regression analysis. EF 50 was calculated as the force at which animals show a 50% response rate.
Conditioned place preference test. To assess non-refexive pain behaviors, the conditioned place preference (CPP) test was performed in automated chambers obtained from Harvard Apparatus (Model LE896-LE898, Holliston, MA, USA) placed inside of isolation cubicles (Habitest Model H10-24TS, Coulbourn Instruments, Holliston, MA, USA). The apparatus consisted of three chambers; the middle transparent chamber and two conditioning chambers with striped walls and a smooth floor or dotted walls and a textured floor. Mice were habituated by allowing them to freely move between the three chambers for 45 min on day 5 postinoculation. On days 6-8, mice were injected with vehicle and conditioned by immediately restricting them in one of the conditioning chambers for 1 h. Mice were then put back in their cages for 4 h followed by injection with the test drug and conditioned for 1 h in the other conditioning chamber. On day 9 post-inoculation testing was performed by allowing the animals to freely move between all three chambers for 45 min. Data are presented as CPP score, 31 measured as time spent in vehicle-or drug-paired chamber divided by total time spent in both conditioning chambers.
Quantitative real time-PCR
The ipsilateral V3 region of the TG was collected from decapitated tumor-bearing and normal mice, in Qiazol reagent (Sigma, St. Louis, MO). Total RNA was extracted from tissues using RNAeasy Mini Kit (Qiagen, Valencia, California, USA) as per manufacturer's instructions. Isolated RNA was then subjected to cDNA synthesis using Superscript III First Strand Synthesis kit (Invitrogen, CA, USA). Fixed amounts of cDNA were used as a template in the RT-PCR protocol. Amplification was detected using customized RT 2 Profilier PCR Array for mouse (Qiagen). The reactions were run in 25 ml volume including GAPDH as an endogenous control. Data were acquired for five animals per group and quantified using comparative delta-delta Ct (ddCT), normalized to the data based on the endogenous reference.
Statistics
Data are presented as mean AE standard error of mean (SEM). Statistical analyses were performed using oneor two-way ANOVA with Bonferroni correction. P < 0.05 was considered significant.
Results
The in vivo orthotopic model of oral squamous cell cancer produces tumor growth in the tongue and reduces body weights in mice
To produce an in vivo orthotopic oral tumor model, we used a modified version of the tongue cancer pain model developed by Schmidt and colleagues. 13, [19] [20] [21] The OSCC cell line HSC2 was injected into the ventral tongue of athymic mice and animals were monitored for tumor growth every two days (Figure 1 ). The control groups received either NOK cells into the tongue, the colon cancer cell line HT29 cells into the tongue, or HSC2 into the hindpaw. The HSC2 injected mice grew observable lingual tumors by day 6 post-inoculation that continued to grow for the entire two-week period. Figure 1(a) illustrates the in situ tumor growth at day 9 in HSC2 mice. The NOK cell-injected group had normal appearing tongues throughout the two-week period (Figure 1(b) ). The HSC2 lingual tumor group had reduced body weights by day 6 that continued to decrease during the two-week period (Figure 1(e) ). The mean body weights of the control groups were unaffected. The additional control groups of HT29 cells injected in the tongue and HSC2 cells injected in the paw showed observable tumors by day 6 (Figure 1(c) shown at day 9 post-inoculation) and day 14 ( Figure 1(d) ), respectively, and continued to maintain body weights through the study period (Figure 1(e) ). Because mice injected with HSC2 into the hindpaw grew tumors later than other groups, their body weights were measured up to 24 days post-inoculation (Figure 1(e) ). This finding emphasizes the importance of an orthotopic model as injection of the HSC2 cell line into the tongue produced significant and rapid loss in body weight compared to injection of the same cell line into the hindpaw.
In vivo orthotopic model of OSCC produces well-differentiated tumors with an immune response
Histological examination of mouse tongues was performed nine days after injection of either NOK or HSC2 cell lines. As illustrated in Figure 2 (a), tongues injected with NOK cells showed no noticeable histological changes and the normal architecture of the epidermal-muscular junction was preserved. In contrast, the tongues injected with HSC2 cells demonstrated a welldifferentiated tumor infiltrating the muscles and surrounding tissues (Figure 2(b) ). At higher magnification, an immune response to the tumor was evident as seen by infiltration of neutrophils, lymphocytes, and macrophages at the tumor-tongue junction (Figure 2(c) ).
Immunohistochemical characterization of the orthotopic model
Immunohistochemical analyses of tongue and TG tissues were performed in order to further characterize the orthotopic model. As compared to the control tongue tissue, the induction of HSC2 tumor resulted in increased expression of transmembrane protease serine 2 (TMPRSS2; Figure 3 (a) and (b)), an enzyme previously reported to be expressed in OSCC tumors and associated with pain production.
32 TMPRSS2 was selectively expressed within the tumor cells, as indicated by co-localization with a human mitochondrial marker (Mito). In addition, the tumor appears to be well vascularized (Figure 3(f) ) and innervated by peptidergic neurons (Figure 3(d) ) and sympathetic fibers (Figure 3 
Orthotopic OSCC tumor model reduced food intake that is reversible by analgesics
Oral cancer patients experience pain during chewing and swallowing. 10, 11 Therefore, feeding behaviors of mice were measured to reflect this clinical symptom (Figure 4 ). Mice injected with NOK cells demonstrated no significant differences in the amount of food ingested over a two-week period, or after vehicle or drug (indomethacin, tramadol) administration (Figure 4(c) and  (d) ). Mice injected with HSC2 cells in the tongue had reduced food intake by day 7 that progressed over time. Interestingly, treatment with the NSAID indomethacin resulted in significantly greater feeding compared to vehicle injection at day 7 (Figure 4(a) ). However, indomethacin was ineffective at later time points. In contrast, treatment with the opioid tramadol significantly increased the amount of food intake at day 9 as well as day 14 (Figure 4(b) ). Morphine analgesia was ineffective in maintaining food intake in HSC2 mice as it decreased amount of food ingested for all animals tested including controls. This finding is similar to previous studies reporting a decrease in feeding behavior with morphine in Balb/c mice. 33 To determine whether the reduction in food intake was due to nociception and not due to metabolic abnormalities from having a tumor in the body, we used a control group that received HSC2 cells in the paw. As shown in Figure 4 (e) and (f), a tumor growing in the paw did not reduce food intake of mice at any given time point tested. Because we observed tumors in the paw only by day 14, feeding behavior of this group was monitored through day 25 post-inoculation, with no effects noted (Figure 4(f) ). To determine whether the reduced feeding was due to OSCC tumors and not merely due to a cellular growth in the tongue, we injected a cell line (HT29) from a typically non-painful colon cancer, into the tongue. Despite the presence of a visibly growing tumor in the tongue, there was no reduction in food intake (Figure 4(g) and (h) ). Taken together, these data suggest that orthotopic OSCC tumors in mice produce pain-like behaviors during feeding and mimics this important patient-reported symptom.
OSCC tumor produces referred mechanical allodynia that is reversible by analgesics
Mechanically evoked pain is a hallmark feature in oral cancer patients. 10 To evaluate this phenotype in mice, von Frey filaments were applied onto the vibrissal pad with assessment of escape behaviors. As shown in 39 mN compared to 1.6 mN) . This suggests that tumor growth in the mandibular V3 distribution (i.e., tongue) produces central plasticity and sensitization in the maxillary V2 region of the trigeminal nerve. In contrast, injection of the colon cancer cell line HT29 did not produce a significant difference in mechanical thresholds ( Figure 5(b) ). The reduction in threshold of HSC2-injected mice was reversed by treatment with opioids such as morphine (EF 50 increased by 2.5-fold to 0.88 mN compared to vehicle group EF 50 0.39 mN) and tramadol (EF 50 increased by 5-fold to 0.98 mN compared to vehicle group EF 50 0.49 mN). The normal control group was unaffected by either drug (Figure 5(c) to (f) ). Administration of 
OSCC tumor in mice produces ongoing, spontaneous pain
Patients with OSCC tumors often report spontaneous pain, 13 and here we employed the CPP assay to evaluate this component. As seen in Figure 6 (a), when morphine is used as an analgesic, control (NOK) mice showed no preference between either the vehicle-paired chamber or the drug-paired chamber as observed by statistically insignificant CPP scores. However, HSC2 tumor-bearing mice exhibited a significant preference to the morphinepaired chamber suggesting that OSCC tumors produce ongoing pain in mice. Indomethacin treatment had no effect on CPP scores of either normal mice or HSC2 tumor-bearing mice (data not shown). Interestingly, we also performed CPP test between normal mice and mice bearing the HT29 tumor ( Figure 6 (b)), with no significant difference observed between the preference for the morphine-paired chamber between normal and colon tumor mice. These data suggest that OSCC tumors produce ongoing pain, whereas ''non-painful cancers'' in the tongue may not.
Molecular characterization of TG in the orthotopic tumor model demonstrates alteration in expression of markers of the pain pathway
Molecular characterization of the neuronal response to the orthotopic tongue cancer model was performed by evaluating changes in TG expression after tumor growth, of several genes known to be involved in activation of the pain pathway. Categories of evaluated genes included ion channels, G-protein coupled receptors, tyrosine kinase receptors, neurotransmitters and inflammatory mediators. As seen in Figure 7 (a), several genes were either up-regulated or down-regulated in the V3 area of the TG tissue, after HSC2 tumor growth at day 9 compared to NOK-injected mice. Some of the genes that produced striking alteration in TG expression were upregulation of brain-derived neurotrophic factor (BDNF, 100% increase compared to control, Figure 7 
BDNF is up-regulated in TG neurons after tumor growth and contributes to pain-like behavior in HSC2 tumor-bearing mice
To further characterize BDNF expression in the TG after tumor growth, immunohistological analysis of BDNF expression in TG neurons in normal and tumor-bearing animals was performed. As shown in Figure 8 (a) to (c), BDNF was primarily expressed in neuronal cells of the TG tissue and demonstrated a significant increase in the total number of TG neurons in the V3 area of HSC2 tumor-bearing mice compared to the control group (Figure 8(d) ). Figure 8(d) and (e) shows that BDNF is also expressed in the V2 region of TG tissue of normal and tumor-bearing group. These data indicate that induction of an OSCC leads to an increase in both; BDNF transcripts ( Figure 7 ) and protein ( Figure 8 ).
To determine whether BDNF signaling contributes to OSCC nociception, we administered the TrkB receptor antagonist, ANA-12, to untreated control and HSC2-treated animals. Mechanical evoked hypersensitivity thresholds were reversed in the ANA-12-treated tumorbearing mice as observed by a 7-fold rightward shift in their response curve (0.67 mN after ANA-12 administration compared to 0.13 mN with vehicle; Figure 9(a) ). In contrast, no difference was observed in normal controls (Figure 9(b) ). In addition, ANA-12 treatment significantly increased feeding in HSC-treated animals ( Figure 9(c) ) but not the untreated control group (Figure 9(d) ). 
Discussion
Pain is an early, and often top ranked symptom in oral cancer patients that significantly reduces their quality of life. 4, 34, 35 Unlike other cancers, pain from oral cancer is produced at the primary site of the tumor even when the tumor is still quite small in size. This suggests that OSCC cells control the activity of nearby nociceptors. To systematically study mechanisms by which oral tumors produce pain, it is crucial to develop a well-characterized animal model that reproduces the constellation of patient symptoms.
Previous studies by the Schmidt group and other groups have established this in vivo orthotopic model of OSCC pain. 13, [19] [20] [21] [22] Here, we have adapted this model and made three new findings. First, we demonstrate that this OSCC pain model engages higher order cognitive systems (CPP assay), in addition to the effects on feeding, weight gain, and mechanical allodynia referred to the V2 division. Second, this behavioral phenotype is specific to HSC2 injected into the tongue, it is not seen with HSC2 injected into the hindpaw, nor is it observed following injection of hNOK or human colonic cancer cells into the tongue. Thus, there is a critical tumor-tissue environment interaction that mediates OSCC pain. Third, we demonstrate a potential role of BDNF signaling in oral cancer pain.
We modified the previously developed tongue cancer pain model by using a well-characterized human OSCC cell line, HSC2 to grow the tongue tumor in male athymic mice. Male mice were used in the study as it has been implicated that prevalence of oral cancer pain is higher in males than females. Connelly et al. 36 reported that men experienced significantly higher levels of function-related pain than women. Cuffari et al. 10 reported that presence of pain as an initial symptom for oral cancer was more common in men than women. However, we note that this does not exclude the need for future studies using female mice. HSC2 cells were used in this model since: (1) it is established from a male patient with a floor of the mouth tumor;
37 (2) we previously have reported that in vitro culturing of HSC2 evokes the release of soluble factors that are capable of triggering spontaneous nocifensive behavior and thermal and mechanical allodynia after i.pl. hindpaw injection; 38 (3) it produces 100% tumor expression, meaning that it produces tumor in the tongue or the paw in every single animal; and (4) it does not metastasize in mice, 39, 40 which can be a confounding factor in studying the role of OSCC cells in regulating nociceptor activity. Our data demonstrate that HSC2 cells produce a well-differentiated tumor by day 6 post-inoculation and was able to elicit an immune response as seen by infiltration of lymphocytes, neutrophils and macrophages (Figure 2(c) ) suggesting that athymic mice were able to mount at least a partial immune response against the tumor, which is important as inflammation may in part contribute to the pain profile. 41 We do note, however, that athymic mice have a blunted T cell response and therefore this model does not address the role of T cell immunity in oral cancer pain.
Immunohistochemical analysis of tumorbearing tongue revealed an up-regulation of TMPRSS2 (Figure 7(b) ), a previously characterized marker for pain producing tumors such as OSCC. 32 Additionally, the tumor was well innervated with peptidergic afferent fibers and sympathetic fibers surrounding blood vessels (Figure 7 (e) and (h)). However, there was no increase in ATF3 expression in TG sections (Figure 7(j) ), suggesting that the tumor may not damage the lingual nerve. This observation is substantially different from bone cancer pain models, 42 further emphasizing the importance of using orthotopic tumor models.
Next, we optimized three behavioral assays designed to reflect the spectrum of cancer patient symptoms, including alterations in feeding, 36 referred facial pain, 10 and spontaneous pain. 36 As shown in Figure 4 , mice with HSC2 tumors exhibited significantly reduced food intake compared to normal mice by day 7 post-inoculation. The results indicated that this OSCC tumor model produced a reduction in feeding behaviors that was specific to both tumor type (HSC2 more effective than the colon cancer HT-29) and location (HSC2 in tongue vs hindpaw). In addition, this loss in feeding was reversed by a NSAID in early stages of development and by an opioid in later stages of tumor growth. These data emulate clinical recommendations by the World Health Organization stepladder suggesting that NSAIDs be used initially followed by opioids when NSAIDs become refractory. 43 Taken together, these data illustrate two key features of the feeding behavior: (1) the reduction in feeding in HSC2 tumor-bearing mice is due to pain-like behaviors experienced by the animals during feeding and (2) this pain-like behavior is specific to OSCC tumor and not merely due to having a foreign mass in the oral cavity. Notably, weight loss in mice was observed only in mice with HSC2 tumor in the tongue and not with any other groups tested suggesting that reduction in body weight was possibly due to reduction in food intake by the HSC2 tumor-bearing animals (Figure 1(e) ) and not due to metabolic changes from having a tumor in the body. We note that this feeding assay is supplementary to the gnawing behavior assay used previously 19 and while the latter specifically measures pain-like chewing behavior as seen in patients, one advantage of this feeding behavior assay is that it permits repeated measures of vehicle and drug on the same day in their home cages, substantially reducing the number of animals required for an experiment.
In addition to the feeding assay, we present two other behavioral assays for oral cancer pain not reported previously; (1) Von Frey test in the vibrissae to indicate facial pain and central sensitization and (2) Conditioned placed preference test to measure ongoing pain. To test referred facial pain, we probed a site within the V2 division of the TG (i.e., vibrissal pad) with graduated von Frey filaments in a manner similar to previous studies with neuropathic pain models. 30 The results demonstrated that HSC2 tumor growth produced significant reduction in mechanical thresholds compared to normal animals, suggesting referred V2 facial pain mediated by a tumor in the V3 division of the TG. This may be due to central plasticity within the medullary dorsal horn. Central sensitization through changes in the medullary dorsal horn has also been previously reported in a tongue cancer pain model as well as other facial cancer pain models. 22, 44 Interestingly, the reduction in threshold was reversed by an opioid like morphine or tramadol ( Figure 5(c) and (e)) but not by indomethacin. Again, the reduction in mechanical threshold was limited to HSC2 tumor animals and not observed in animals bearing colon cancer cell tumors.
With the CPP assay, we observed that HSC2 tumorbearing animals significantly preferred the morphinepaired chamber compared to vehicle-paired chamber, whereas the normal mice preferred both chambers equally suggesting that HSC2 tumor in the tongue produced ongoing pain ( Figure 6(a) ). We did not observe a difference in preference with indomethacin treatment between normal and HSC2 tumor mice suggesting that inflammatory mediators and prostaglandins may not play a role in mediating OSCC-induced ongoing pain. Moreover, similar to the feeding behavior assay and Von Frey testing, CPP testing showed no difference between normal animals and colon cancer cell tumorbearing mice (Figure 6(b) ). This finding indicates that even though the environment and extracellular matrix is the same, differences in cancer cell types can produce a significant difference in the pain phenotype. Conversely, altering the growth environment can also change the dynamics of tumor growth and regulation, the time taken to observe a visible HSC2 tumor in the paw is longer than the time taken for the same cells to grow in the tongue. Further, the sensory innervation and the interaction of the tumor cells with the surrounding nociceptors can be different in various tissues. Collectively, these findings reinforce prior conclusions [19] [20] [21] 27 on the importance of employing orthotopic tumor models to conduct mechanistic and pharmacological studies for cancer pain.
Molecular characterization of the TG after tumor induction revealed changes in expression of several markers of the pain pathway including BDNF, SCN3A1, ASIC1, mGLU7, PAR2, IL10, Kv2.1, Kv7.2, 5HT-HTR1F, and TRPM3 (Figure 7(a) ). The role of Nav1.3 up-regulation in V3 TG upon tumor growth is yet to be explored. To date, there is no evidence for its role in cancer pain, however, its role has been implicated in neuropathic pain, as its expression has been shown to increase in sensory neurons after peripheral nerve and spinal cord injuries. 45, 46 Surprisingly, in our study, Nav1.3 expression was up-regulated even in the apparent absence of lingual nerve damage (i.e., no change in ATF3 expression) upon tumor growth. Further investigation for its role in oral cancer pain is warranted.
However, the most striking change in gene expression upon tumor growth was that of the brain-derived neurotrophic factor (Figure 7(a) and (b) ). Our results revealed an increase in both BDNF transcripts and protein in TG neurons (Figure 8 ). We also observed that treatment with a TrkB antagonist significantly reversed tumorinduced facial pain as well as reduction in feeding (Figure 9(a) to (d) ). Prior studies have implicated BDNF in mediating inflammatory and neuropathic pain, 47 as well as bone cancer pain models. 48, 49 To our knowledge, this is the first study implicating a role of BDNF in OSCC evoked pain, with demonstration of a significant reduction in both mechanical hypersensitivity and reduced eating behaviors. The fact that ANA12 treatment reversed von Frey thresholds in the face, suggests that BDNF signaling may be implicated in central sensitization either through up-regulation of its expression in the V2 TG neurons or post-synaptic changes in the medullary dorsal horn. Several reports have indicated that BDNF plays a key role in central modulation of pain, acting through post-synaptic TrkB receptors that trigger intracellular signaling cascades leading to central sensitization. 48, 50, 51 However, our data does not rule out a peripheral role of BDNF/TrkB signaling in OSCC pain. Interestingly, BDNF/TrkB axis has been reported to be overexpressed in head and neck tumors 23 and has been implicated in preventing apoptosis of HNC, 25 altering EMT 23 as well as conferring chemoresistance. 52 It is therefore possible that increased BDNF/ TrkB levels in OSCC tumors can regulate peripheral nociceptors at the site of the tumor. Further studies are warranted to determine the cellular signaling mechanisms triggering BDNF/TrkB-induced tongue cancer pain. Notably, reports of PAR2 involvement has been reported in mediating BDNF-induced pain states, 48, 50 has been shown to contribute to oral cancer pain 27 and has an elevated expression in our orthotopic model (Figure 7(a) ). Even though other downstream targets of BDNF signaling such as NMDA receptors, and NGF and TrkA receptors 49, 50, 53 were either unaltered or down-regulated in TG neurons upon tumor growth, they cannot be ruled out for their role in BDNF-mediated postsynaptic regulation in dorsal horn neurons.
